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ABSTRACT: 
VICTORIA RAE McCLEARN: DIMERIZATION KINECTICS OF NCAD12 P16A 
(Under the direction Dr. Susan Pedigo) 
 
Calcium binding causes a conformational change into a strand swapped dimer for 
the cadherins.  However, regardless of the sequence similarity for Epithelial Cadherin 
(ECAD) and Neural Cadherin (NCAD), they respond to the presence of calcium 
differently.  For NCAD, the rate of assembly and disassembly depends upon the presence 
of calcium, whereas for ECAD the rate of exchange is independent of calcium.  Studies 
into a kinetic model to explain the differences between the rates have been recently 
conducted.  It is believed that ECAD uses an “X-dimer” intermediate between the 
monomer and dimer state.  However, there is no kinetic model for the transition of 
monomer to dimer for NCAD. 
The purpose of the experiment was to mutate the 16th amino acid residue in 
NCAD from a proline to an alanine in order to investigate the potential kinetic role of this 
residue.  The presence of the double cis-X-pro bond between the 14th and 19th residues 
differs from that of ECAD.  There are two cis-X-pro bonds in NCAD and only one in 
ECAD, which may affect the rate of dimer formation.  Stability, calcium binding affinity 
and dimer assembly studies resulted in interesting observations about the differences 
between NCAD12 P16A and wild type NCAD12.  First, the P16A mutation does not 
affect the global stability of the protein, or the average calcium binding affinity.  
However, the calcium binding transition is distinctly more cooperative than seen in 
titrations of NCAD12 wild type.  Secondly, the P16A appears to increase the Kd of 
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dimerization.  Thirdly, the rate of assembly of NCAD12 P16A dimers is dependent upon 
incubation time in calcium.   
In conclusion we notice an interesting and dramatic effect on both the kinetics and 
equilibria of dimerization in the P16A mutant of NCAD12.  It further supports the 
supposition from the X-dimer literature that the N-terminal end of the βB-strand is 
important for the kinetics of dimerization, but shifts focus from the basic residue in 
position 14 to βB-strand conformation generally. 
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1. INTRODUCTION: 
Cadherins are cell surface glycoproteins that are used in cell-cell adhesion 
through direct interactions between identical proteins on adherent cells.  They function 
through a calcium-dependent mechanism and the most widely studied of the cadherin 
super family are the mammalian ‘classical’ cadherins.  There are three types of 
mammalian classical cadherins: epithelial (E-), neural (N-), and placental (P-) cadherin 
(ECAD, NCAD, and PCAD respectively), named for the tissue in which they 
predominate1.  Cadherins are the transmembrane component of adherens junctions, cell-
cell adhesive complexes that link the actin skeleton of adherent cells.  Adherens junction 
formation between cells alters the internal chemistry of the cells to reflect that they are 
part of an organized tissue.  They anchor cells to one another and when not properly 
functioning can have various phenotypic consequences.  For example, the overexpression 
of NCAD leads to elevated risk in cancer metastasis2. 
The classical cadherins have a common structure including an N-terminal 
extracellular region, a transmembrane region and a cytoplasmic domain.  The 
extracellular region is comprised of five extracellular domains (EC1-EC5), each of which 
has seven anti-parallel β-strands with a total of 110 amino acid residues (Figure 1). 
Between each successive pair of extracellular domains there is a calcium-binding pocket 
that allows three free calcium ions to bind.  Calcium binding stabilizes the adhesive 
dimer2.   
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The issue of whether classical cadherins will bind only to identical molecules on 
the apposing cell (trans-homodimerization: NCAD-NCAD dimers, for example) has been 
a point of interest for a number of years3, 4.  Physiologically, it is rare that two different 
classical cadherins are expressed on the same cell surface, so this discussion is not 
relevant to the function of developed tissues5.  In addition to trans-homodimerization, cis-
dimerization is the binding of two cadherin molecules of the same family that emanate 
from the same cell surface.  Trans-homodimerization and cis-dimerization involve 
different cell surfaces, and can occur independently6.  Physiologically, they are proposed 
to occur simultaneously, thereby strengthening adhesion through a double-weave 
structure, a 2D-network of weak interactions7.  In the studies reported here, we will not 
address this elaborate network of interactions.  Our attention is on the kinetics and 
equilibria of the trans-homodimer. 
Homodimerization is thought to occur by a strand-swap model.  The strand-swap 
model is when the A* strand crosses over from one monomer and docks in the 
hydrophobic pocket of its adhesive partner.  This process is illustrated in Figure 2 below.  
Studies employing a wide range of techniques have generated data that support this 
hypothesis.  The strand-swapped structure has been observed in crystallographic studies 
since 19958.  Cell biological studies confirmed that cell adhesion by classical cadherins 
 
Figure 1: 7 anti-parallel β 
strands 
     The seven anti-parallel 
strands fold into a barrel 
shape for each of the five 
extracellular domains. It is 
considered a Greek Key 
motif. The amino acids that 
are not part of the barrel and 
connect the 7 strands are used 
to chelate the calcium ions 
for binding.  
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requires critical sequence elements9, 10.  Finally, studies of purified ectodomains have 
elucidated the role of the critical sequence elements in the thermodynamics of 
dimerization11, 12.  
The mechanism of strand exchange is of interest in the cadherin field.  An 
intermediate has been proposed to explain the rapid exchange between monomer and 
strand-swapped dimer species of ECAD12.  Harrison et al proposes an “X-dimer” 
intermediate as the key structure enabling fast exchange between monomer and dimer.  It 
requires a face-to-face association of monomers that brings the N-terminal segments in 
close contact, but the strands have not yet swapped16.  This “X-dimer” was named due to 
the fact that when the structure was crystallized it looks like an X.  However, as will be 
explained later, this same X-dimer intermediate is not the explanation for the rapid 
exchange between monomer and dimer in calcium-saturated NCAD12; nor does it 
+
 
Figure 2: Calcium-dependent Strand-Swap Dimer Mechanism  
     There are three calciums that bind between the domains. Binding of calcium causes a conformational 
strain in the “closed” monomer (darker EC1).  This strain is relieved when the W2 from the protomer 
docks in the hydrophobic pocket of the opposing promoter, thereby creating the strand-swap dimer.  
Tryptophans (W2 and W113) in NCAD12 are represented as indole structures.  Positive N-terminus is 
the red dot and the side chain of glutamate 89 is the blue dot.  Ionic interactions between them stabilize 
both the closed monomer and closed dimer structures. 
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explain the kinetically trapped dimer of NCAD12 in the absence of calcium13, 14.  Given 
the ambiguity of the X-dimer’s role in the classical cadherin family, as discussed below, 
we turn to a simple comparison of primary structures to formulate new hypotheses to 
explain the difference in the affinity and kinetics of dimerization between E- and N-
cadherin.   
Harrison et al15 proposed that the 14th residue plays a key role in the formation of 
the X-interface and therefore in the rapid kinetics of dimerization of ECAD12. In ECAD 
the 14th amino acid, K14, interacts with the 138th amino acid, aspartate (D138), on the 
opposite protomer.  This is a symmetrical interaction between protomers in the X-dimer.  
In comparison, NCAD has an arginine at the 14th position, R14.  Lysine and arginine are 
both positively charged polar amino acids.  However, the R14 in NCAD is not known to 
interact with any amino acid of the opposite protomer since the 138th amino acid is a 
proline.  The Pedigo laboratory has investigated the role of R14 in the rapid dimerization 
of NCAD in the absence14 and presence of calcium13.  Studies were done to mutate 
NCAD at the 14th position to observe the kinetic effects.  Three ‘X-dimer’ mutants of 
NCAD were prepared:  arginine to serine (R14S), to alanine (R14A), and to glutamate 
(R14E).  Studies of the dimerization properties showed that the loss of R14 was 
inconsequential in the kinetics of dimerization.  However, the presence of glutamate in 
the 14th position slowed the kinetics of dimerization dramatically13.  Therefore, the 
presence of R14 is not responsible for the slow disassembly kinetics of NCAD in the 
absence of calcium.  Only the acidic amino acid mutation, glutamate, did not allow for 
the dynamic exchange between monomer and dimer of NCAD.  The change of the charge 
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had a deleterious effect.  The fact that E14 was so detrimental to dimerization kinetics for 
both ECAD and NCAD intrigues us and forms the basis of this thesis.   
This thesis tests a novel hypothesis regarding a key difference between NCAD 
and ECAD based on comparison of their primary structures.  Even though ECAD and 
NCAD have a similar amino acid sequence, 81% sequence identity or similarity16, they 
have unique dimerization kinetics in response to the presence of calcium17.  Studies from 
our laboratory demonstrated that truncated constructs of ECAD containing only EC1 and 
EC2 form dimer in rapid exchange with monomer regardless of the presence of calcium.  
In contrast, while NCAD dimers are in rapid exchange with monomer only in the 
presence of calcium17.  In addition to this kinetic difference, NCAD has a four times 
higher dimerization affinity than ECAD (25 µM vs. 100 µM)4.  Related studies proposed 
a structural intermediate to explain the rapid exchange in ECAD dimerization15.  
Crystallographic and chromatographic studies showed that for ECAD there is an X-dimer 
intermediate that forms between the monomer and dimer state15.  However, there is no 
similar structural model for NCAD, so the structure is not known for the ‘transition-state’ 
intermediate between the monomer and dimer in NCAD.  This lack of data leads to 
interest in the structural components leading to the difference in the affinity and kinetics 
of dimerization between NCAD and ECAD.  
Careful consideration of the sequence and structure of NCAD has drawn our 
attention to a key difference in their βB-strands.  In the βB-strand of NCAD there are two 
cis-x-pro bonds adjacent to R14 that occur between the 15th and 18th amino acid residue.  
One of them is conserved in ECAD, the other is not.  So, NCAD has more steric 
hindrance in the peptide backbone in region adjacent to the 14th amino acid residue than 
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does ECAD.  Therefore, it may be the presence of the two adjacent cis-x pro bonds that 
limits the dimerization kinetics of NCAD in comparison to ECAD.  See Figure 3 for a 
comparison of the NCAD and ECAD sequences.  The purpose of the experiment is to 
mutate the 16th amino acid, proline, in NCAD to decrease the steric hindrance.  The  
mutation is from a proline to an alanine (P16A).  Alanine is an amino acid with a less 
bulky side chain than proline, but still hydrophobic.  The hypothesis is that NCAD12 
P16A will have similar the dimerization kinetics as ECAD with and without calcium 
present.  This hypothesis will be tested by studying the linked equilibria of stability of the 
apo-monomer, the binding of calcium, and the assembly of dimer.  Through stability 
studies the effect of mutation on the folding properties of the apo-protein can be assessed, 
which is important because if the protein is disabled by the mutation subsequent studies 
are not comparable to wild type NCAD.  The calcium binding experiments show whether 
the mutation affected the affinity for calcium.  Finally, size exclusion chromatography is 
used to assess the effect of the mutation on the assembly kinetics.  
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NCAD12 
ECAD12 
DWVIPPINLPENSRGPFPQELVRIRSDRDKNLSLRYSVTGPGADQPPTGIFIINPISGQL 
|||||||  ||| +| ||  || |+|+|||     ||+|| ||| || |+|||   +| | 
DWVIPPISCPENEKGEFPKNLVQIKSNRDKETKVFYSITGQGADKPPVGVFIIERETGWL 
      aaa §       bbbbb          cccccc           ddd     ee 
 
SVTKPLDRELIARFHLRAHAVDINGNQVENPIDIVINVIDMNDNRPEFLHQVWNGSVPEG 
 || ||||| ||++ |  |||  ||  ||+| +||| | | |||||||  +|| ||| || 
KVTQPLDREAIAKYILYSHAVSSNGEAVEDPMEIVITVTDQNDNRPEFTQEVFEGSVAEG 
ee    § §   ffffffffff         gggggg  §§§§§       aaaaaaa   
 
SKPGTYVMTVTAIDADD-PNALNGMLRYRIVSQAPSTPSP--NMFTINNETGDIITVAAG 
  ||| || |+| ||||  |  |  + | ||||      |  ||||+| +|| |     | 
AVPGTSVMKVSATDADDDVNTYNAAIAYTIVSQDPELP--HKNMFTVNRDTGVISVLTSG 
     bbbb    § §      §   cccccccc          ddd     eeee      
 
LDREKVQQYTLIIQATDMEGNPTYGLSNTATAVITVTASP 
||||    |||++|| | +|    ||| || ||||| 
LDRESYPTYTLVVQAADLQGE---GLSTTAKAVITVKDINDNAPVFNPS 
       fffffffff          ggggggggggg 
Figure 3: Sequence Comparison of NCAD and ECAD 
     Sequences for NCAD12 (black) and ECAD12 (red) are aligned.  Identical (|) and similar (.) 
amino acids are shown18.  Lower case letters below sequences designate the β-sheet.  Residues 
that chelate calcium are also shown (§).  The yellow highlighted portion of the sequence is the 
focus region for kinetic differences between NCAD and ECAD.  The 14th amino acid is an 
arginine (R) in NCAD and a lysine (K) in ECAD.  Current studies focus attention on the extra cis-
X-Pro bond in NCAD.  The prolines (P) are residues P16 and P18 in NCAD (Boxed), but there is 
only one proline in this region of ECAD, P18. The 16th residue in ECAD is glutamate (E).   
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2. MATERIALS/METHODS: 
 
 
 
 
 
 
I. Protein Expression: 
In order to express protein from E. coli bacterial cultures, sterile culture media 
was prepared.  First, LB agar plates with Kanamycin (Kan) were prepared by mixing 100 
mL water, 2.0 g tryptone, 1.0 g yeast extract, 1.0 g NaCl, and 1.0 g.  The solution was 
covered and autoclaved. When it had cooled to ~55°C, the plates were poured. They were 
cooled overnight on the bench top, before being parafilmed and stored in the refrigerator.  
The liquid media was prepared similarly except there was no agar added.  The cultures 
were stored on the bench top until use.  NCAD12 P16A from the expression cell line was 
plated on the LB-Kan by streaking the cells across the plate.  The plasmid from the 
expression cell line contained a fusion region of 45 amino acids that will be important for 
His-tag chromatography and trypsin digestion.  The plates were placed in the incubator at 
37°C overnight to allow the colonies to grow.  A well-defined colony was chosen from 
the plate and inoculated into the 50mL LB-Kan media to be the overnight culture.  The 
culture was placed in the incubator overnight at 37°C and 200 rpm.  
Protein Overexpression 
and purification 
CD Calcium 
Titration 
CD Tmelt Fluorescence 
Calcium Titration 
LC 
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The large culture media was prepared by adding 15 mL of 20% glucose, 37.5 mL of 
1M-potassium phosphate, 5 mL of overnight culture and 800 µL of Kan to each of the 
750 mL LB cultures.  These cultures were placed in a shaker at 37°C and 200 rpm for 
three hours.  After the three hours the absorbance at 600 nm was checked and blanked 
against the LB only.  The absorbance was checked every 15 minutes once A600 is 
approximately 0.3AU and once the A600 was 0.6AU it was time to induce.  My cultures 
were induced after four hours when the A600 was 0.4430AU.  The sample was saved as a 
pre-induction sample to be used for a gel to track the protein extraction.  A volume of 400 
µL of IPTG was used to induce each culture.  The cultures were allowed to grow for two 
hours at 37°C and 200 rpm.  Once the cultures grew for two hours, a 1 mL sample was 
taken to be used for a post induction sample in a gel.  The liquid cultures were spun down 
in 1L centrifuge bottles at 3000 rpm for 15 minutes at 4°C.  The pellet was resuspended 
using 10 mL of 20 mM HEPES, 100 mM KCl, pH 7.4 buffer.  The re-suspended solution 
was frozen at -20°C.  
II. Protein Purification: 
The frozen solution was thawed, then sonicated in order to lyse the cells and 
release the protein.  A 10 µL sample was taken for use in a gel and labeled whole cell 
pellet.  The solution was centrifuged at 13,000 rpm and 4 °C for 45 minutes in order for 
the protein to pellet at the bottom.  The supernatant was decanted and saved.  The next 
few steps were to wash the pellet to further purify the protein and discard the cell 
fractions.  15 mL of 10% Triton- was added to the pellet to re-suspend the protein and 
was allowed to sit at room temperature for 10 minutes.  The mixture was centrifuged at 
13,000 rpm and 4 °C for 20 minutes.  The supernatant was decanted and saved as 
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described previously.  The pellet was then resuspended in 15 mL of 1% triton-x and 
incubated at room temperature for 10 minutes.  The mixture was centrifuged as described 
previously and the wash step with 1% triton-x solution was repeated.  The pellet was 
dissolved in 15 mL of His-Tag binding buffer with 6 M urea. Samples were taken during 
each part of the fractionation step to be run on a 17% acrylamide gel to track the protein.  
The dissolved pellet was placed in the refrigerator and mixed with a stir bar overnight.  
An SDS-PAGE gel was run to determine which fractions, supernatant or pellet, contained 
NCAD12 P16A. 
His-tag chromatography was used to purify NCAD12 P16A by using solvents 
with different binding affinities.  The pellet suspended in His-tag binding buffer of 6 M 
urea was centrifuged at 13,000 rpm and 4 °C for 20 minutes.  The supernatant was saved 
because it contains the protein, which will be used on the His-tag column. A 10 µL 
sample was taken and labeled as pre-His tag to further show the purification of the 
protein.  The column was equilibrated by running 25 mL of 6 M urea His-Tag binding 
buffer through.  After equilibration, 5 mL of the protein sample was loaded onto the 
column and allowed to flow through.  After, 5 mL of His-Tag binding buffer (5 mM 
Imidazole) was run through the column and collected.  This was repeated 3 more times, 
each with a collection fraction of ~5 mL.  Then 20 mL of washing buffer (50 mM 
Imidazole) was run through on the column and ~5 mL samples collected.  Finally, 30 mL 
elution buffer was run through the column and ~5 mL samples were collected.  The 
above process was repeated with the remaining 5 mL of protein.  In order to determine 
which His-Tag fraction contained the protein, the absorbance of each fraction was taken 
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after being blanked against the appropriate buffer.  The fractions with the highest 
absorbance at 280 nm were combined.  
After taking a 10 µL sample of the combined His-Tag fractions, the protein was 
dialyzed in 2 L of trypsin digest buffer to equilibrate the protein through buffer exchange 
for ideal conditions for trypsin digestion of NCAD12 P16A.  At the end of the 45 amino 
acid fusion region there was a trypsin cleavage site, which removes the fusion region and 
allows for a clean N-terminus.  Sepharose-immobilized trypsin was used so that the 
proteolysis could be stopped by centrifuging the digest mixture and removing the 
sepharose beads from the solution.  A 10 µL sample from post dialysis was taken and was 
used to compare the trial digest samples.  Before the full digest of the protein, a trial 
digest of 15, 45, 60, 75, and 90 minutes was done with samples taken for each time.  The 
samples were run on a gel and used to determine the appropriate digest time without 
internal cleavage.  The trypsin to protein ratio used in the digest is 1:2.5 mL.  
After digestion, the protein was dialyzed in SEC buffer (10 mM HEPES, 140 mM 
NaCl, pH 7.4).  NCAD12 P16A was dialyzed in 500 mL of the SEC buffer and the buffer 
was exchanged every 2 hours in order to buffer exchange from trypsin digestion into our 
standard apo-buffer for future studies.  After dialysis, the protein concentration was 
determined by checking the absorbance using UV-spectroscopy and found to be ~50 µM.   
The protein was aliquoted into 1.5 mL microfuge tubes and frozen for later use in the 
experiments described below.   
III. Stability Studies:  
Thermal denaturation was monitored spectroscopically using an AVIV 202SF 
circular dicrhoism (CD) spectrometer.  Before starting the thermal denaturation, a sample 
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is prepared and a spectrum is taken.  A 1 cm quartz cuvette was used to hold the samples.  
A dilution of 1:20 of the apo-NCAD12-P16A was used to obtain a protein concentration 
of 2.5 µM.  The spectrum scanned wavelength from 300 to 200 nm, and showed that the 
protein was there, and that the optimum wavelength for monitoring the thermal 
denaturation was 227 nm.  When running a denaturation scan, the temperature ramp was 
1°C/min with a 30 second or 1 minute equilibration time at each wavelength.  The scans 
were run from 15 or 25°C to 95°C.  The data were fit to the Gibbs Helmholtz equation, 
which is: ∆𝐺 =   ∆𝐻! 1−    !!! + ∆𝐶! 𝑇 − 𝑇! − 𝑇𝑙𝑛 !!!    (1) 
where ΔHm is the enthalpy of unfolding at the melting temperature, Tm, and ΔCp is the 
heat capacity change for denaturation.  The value of ΔCp was fixed to 1 kcal/molK in all 
fits.  ΔG is the calculated free energy at 25°C based on resolved parameters. 
IV. Calcium-binding Affinity: 
A calcium titration of NCAD12-P16A was monitored using fluorescence 
emission spectroscopy.  The dilution factor used for the fluorescence calcium titration 
was a 1:10 dilution yielding a protein concentration of 5 µM.  The excitation wavelength 
was 292 nm, with the emission wavelength scanned from 300-420 nm.  The angle of 
excitation and emission polarizers was set to 54.7°.  Each calcium titration had 13 
calcium levels; emission scans were acquired at each of the 13 calcium concentrations.  A 
1 mM Ca2+ stock was added in volumes of 2.5 µL, 5 µL, and 10 µL.  The process was 
repeated with 10 mM Ca2+, 100 mM Ca2+, and 700 mM Ca2+.  The titration was repeated 
3 times.  The data from the titration were fit to the Adair equation as shown below: 𝜃 = !!!!!!!!!!(!!!!!!!!!!)      (2) 
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where K1 is the sum of the intrinsic constants for binding the first ligand, and K2 is the 
constants for ligating all sites.  The average binding constant is the square root of K2.  
V. Assembly Studies: 
Analytical Size Exclusion Chromatography was used to assess the differences in 
the kinetics of dimer assembly of NCAD12 P16A.  The assembly experiments were run 
in calcium (140 mM NaCl, 10 mM HEPES, 1 mM Calcium, pH 7.4).  The studies were 
performed on an ÄKTA Purifier FPLC (GE LifeSciences) with a Supernatant rose-12 
10/300 GL Column.  The detection was at 280 nm with a flow rate of 0.5 mL/min, with 
a column volume of ~25 mL.  
Since the NCAD12 P16A stock was stored in the absence of calcium, calcium had 
to be added to bring the stock to 1 mM free calcium.  If three calcium ions can bind each 
protein molecule, and each protein molecule is 90% saturated, and the stock is 53 µM 
NCAD12 P16A, then a final concentration of 1.15 mM Ca2+ in the stock would yield a 
solution with 1 mM free calcium.  Second, a diluent buffer stock with 1 mM Ca2+ was 
prepared by adding 1 mL of SEC buffer and 10 µL of 100 mM Ca2+.  The injection 
sample was prepared by diluting NCAD12 P16A to either 20 or 40 µM through the 
addition of the calcium-added stock to the diluent buffer (1 mM calcium) with a final 
volume of 50 µL.  These dilutions were incubated for a set amount of time before 
trapping the calcium-saturated dimer by stripped the calcium from solution by adding 0.5 
µL of 0.5 M EDTA added. This freezes the saturated dimer and saturated monomer 
creating D*apo and Mapo.  This sample was injected after a 15-minute wait.  In order to 
address the concern that a 0.5 µL volume was not reliably added, a 250 mM solution of 
EDTA was prepared and 1 µL was added. 
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The SEC experiment was done at varying calcium incubation times to assess the 
kinetics of assembly.  The time points were 0 minutes, 30 seconds, 1 minute, 5 minutes, 
and 30 minutes.  Calcium of 50 mM was added to bring the concentration to 1 mM Ca2+ 
and allowed to incubate at the various time points and then 250 mM EDTA to bring the 
concentration to 5 mM was used to quench the calcium in the protein solution. 
Percent monomer and percent dimer was calculated based on peak heights in 
offset corrected chromatograms.  The concentration of dimer (in monomer units) was 
calculated by taking the percent of dimer and multiplying it by the protein concentration.  
The concentration of monomer was calculated by subtracting the concentration of dimer 
from the protein concentration. 
The second order kinetic data for NCAD12 P16A were analyzed by the equations 
(Eqs 3 and 4) below to yield an observed association rate constant, kobs, and the 
equilibrium dissociation constant, Kd.    𝑀 = 1/( !! ! + 𝑘!"#𝑡) ;  2 𝐷 = [𝑀]! − [𝑀]    (3) 𝐾! = [!]![!]        (4) 
[M]o is the initial protein concentration.  The Kd was determined from the [D] and [M] 
according to Eq 2.  The time constant for dimerization, Tau, is a function of the 
concentration of protein in solution as shown in Eq 3 below. 𝑇𝑎𝑢 = [!"#$%&']!!"#      (5)
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3. RESULTS: 
I. Protein Expression:  
Figure 4 shows a 17% acrylamide SDS-PAGE gel of the complete sequence of 
steps for the expression and purification of NCAD12 P16A.  There is a clear expression 
of the recombinant protein as witnessed by the appearance of a band at ~ 30 kDa in lane 
3. 
 
Figure 4: 17% SDS-PAGE of Protein Expression and Purification. 
      Lanes 1-8 represent the various steps of the protein expression and purification.  Lane 
1 is the standard protein ladder with sizes too the left in kDa.  Lane 2 is pre induction of 
the E. coli, while lane 3 is the post induction of the cells.  Lane 4 is the whole cell pellet 
after sonication.  Lane 5 is the pre-his tag sample that was dialyzed in Binding Buffer 
overnight.  Lane 6 is post-his tag fractions combined.  Lane 7 is the post trypsin dialysis 
and Lane 8 is the post trypsin digest of 45 minutes. 
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The relative concentration of expressed protein increased as the purification 
process progressed.  The sample in lane 8 is illustrates the purity of the protein used in 
subsequent experiments.  The peptide that appears in lane 8 was formed during the 
trypsin digestion used to remove the 45 residue N-terminal fusion.  The overall molecular 
weight of NCAD12 P16A is ~25 kDa, which is compared to the protein ladder standard 
of Figure 4.   
II. Thermal Denaturation:  
The AVIV 202SF spectrometer measured the CD signal at 227 nm against the 
probe temperature as temperature was scanned from 15°C to 95°C (Figure 5).  The raw 
data were offset to start at 0, but was not otherwise normalized.  The two experiments 
shown in Figure 5 were performed under identical conditions except the start 
temperature for the temperature scan and the equilibration time at each temperature 
during the scan before the data were actually acquired.  Inspection of Figure 5 shows a 
clear decrease in signal as the temperature increased, and two transitions: the first with a 
midpoint at ~ 35°C, the second with a drifting signal that has no clear unfolded baseline 
and a midpoint of 60 to 70°C.  
The first transition can be analyzed quantitatively to determine the 
thermodynamic parameters that govern its shape and position.  The data were fit to the 
Gibbs Helmholtz equation with consideration of linear baselines.  The baselines had 
adjustable slopes and intercept parameters in the fits. The value for ΔCp was fixed to 1 
kcal/Kmole.  Data were considered from ~15°C to ~50°C for analysis of Transition 1 
with ~45 data points collected in this temperature range.  The resolved parameters are 
reported in Table 1 and calculated values for ΔG at 25°C.   
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Figure 5: Thermal Denaturation monitored by change in CD signal 
    CD signal at 227 nm was monitored over the temperature range on NCAD12 P16A 
in the apo-state.  Data were fit to the Gibbs Helmholtz equation.  Resolved parameters 
are in Table 1.  The smooth curves through the data are simulated based on the 
parameters resolved from the Table 1.  
 
 Tm (deg C) 
ΔCp 
(kcal/mole) 
ΔHm 
(kcal/mole) 
ΔG 
(kcal/mole) ΔGave 
Run 1 38.6 ± 0.5 1 ± 0 55.4 ± 4 2.1 
2.3 ± 0.3 
Run 2 39.6 ± 0.6 1 ± 0 62.1 ± 8 2.6 
Table 1:  Parameters resolved by fitting to the Gibbs Helm Holtz equation to thermal 
denaturation monitored by circular dichroism. 
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III. Calcium Titration:  
Calcium titrations were done on the PTT fluorimeter.  The intensity of the lambda 
max (wavelength of maximum emission intensity) was measured as a function of calcium 
concentration.  The data were fit to a binding model that allowed for cooperativity (Eq 2).  
The data were normalized.  There is a clear transition from which a free energy can be 
resolved.  Based on the slope of the profile the transition appears to be cooperative. The 
steep slope through the midpoint represents the positive cooperative binding of the 
calcium, which can be seen in Figure 6.  The cooperativity factor is approximately 
around 10.  ΔG is  -5.93 ± 0.07 kcal/mol.  Ka was calculated using the equation in the 
material and methods for ΔG.  The Kd is calculated by taking the reciprocal of Ka.  The 
values can be seen in Table 2.  
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Figure 6: Calcium Titration through Fluorescence Spectrometry 
A positive cooperativity of the calcium binding between domains 1 and 2 of NCAD12 P16A 
represents a cooperativity factor of approximately 10. 
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 ΔG (kcal/mole) Ka Kd 
NCAD12 P16A -5.93 ± 0.07 2.24 X 104 4.5 X 10-5 
Table 2: Parameters resolved calcium-binding free energy.   
 
IV. Size Exclusion Chromatography Studies (SEC):  
Analytical SEC studies were done to assess the assembly kinetics for NCAD12 
P16A using an SEC method that has been well-documented for use in determining dimer 
dissociation constants for wild type and mutant constructs of NCAD1213, 17, 19.  As 
outlined in Figure 7 below, with the addition of calcium, the monomer is saturated and 
then goes into rapid exchange with the dimer known as Dsat.  The relative levels of Msat 
and Dsat in solution are dictated by the concentration of the protein.  Subsequently, EDTA 
is added to strip the calcium from the protein thereby causing the formation of a 
kinetically trapped dimer known as D*apo.  The kinetically trapped dimer is a 
representative of the concentration of Dsat in solution in the presence of calcium.  The 
sample is then injected on the HPLC and two distinct peaks elute: a dimer and a 
monomer peak. The relative concentrations of the species are determined by the peak 
heights. 
 
Figure 7: The chromatographic method for assessing monomer and dimer levels 
      The monomer form of NCAD12 is in rapid exchange with the dimer form in the presence 
of calcium.  In order to oberserve the concentration of dimer, EDTA is added to form a 
kinetically-trapped dimer that can be quantified chromatographically. 
Mapo Msat Dsat 
Mapo	  +	  D*apo Ca2+ 
EDTA 
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Initially, two 40 µM samples and two samples of 20 µM of NCAD12 P16A in 1 
mM calcium were injected on the SEC column to assess the concentration dependence of 
dimer formation.  Generally, the level of dimer was greater in the samples with higher 
levels of protein.  Second, the mutant formed D*apo, which indicates that the molecular 
determinant for formation of the kinetically-trapped species is not P16.  The results of 
each run varied, even when the concencentrations were the same.  For the first 40µM run 
there is ~36% of dimer and 64% monomer.  For the second 40µM run there is ~23% 
dimer and ~77% monomer.  For the first 20µM run there is ~31% dimer and ~69 % 
monomer.  For the second 20µM run there is ~23% dimer and ~77% monomer.  This 
variability in the level of dimer can be seen in Figure 8.  As summarized in Table 3, the 
resultant Kd values calculated from these data reflect this inconsistency in the data.  We 
noticed that the level of dimer decreased for the second run at a fixed concentration.  This 
indicated to us that there might be a kinetic phenomenon in the disassembly of dimer 
from concentrated stock used to prepare the solutions. 
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Figure 8: Chromatogram of SEC experiment with Different Concentrations 
The 40 µM samples had more monomer formed and less dimer over time.  In the 20 µM samples 
less dimer was formed over time, but the percent monomer was still less.  
 
NCAD12 P16A Xd (%) Kd (µM) 
40 µM 30 ± 9 150 ± 70 
20 µM 27 ± 6 80 ± 30 
Table 3: Percent dimer formation and Kd values from Different Concentrations 
     The calculated values represent the average and standard deviation between the two 40 µM 
runs and the two 20 µM runs.  The value of Kd was calculated using Eq 4. 
 
In order to test the hypothesis that there is a kinetic component to the 
establishment of equilibrium in the calcium saturated state, we performed another 
experiment in which there was a delay between preparation and analysis of samples.  
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Another SEC experiment was performed with 40µM NCAD12 P16A in which prepared 
samples sat overnight at room temperature in order to promote equilibrium.  The three 
runs yielded similar results.  For the first and second runs there was 40% dimer and for 
the third run there was 37% dimer.  These data are shown in the graph in Figure 9.  The 
average percent dimer is 39 ± 2%, and the average Kd is 77 ± 8 µM.  The values can be 
found in Table 4.  
 
Figure 9:  Effect of Incubation Time of Dimer formed by NCAD12 P16A 
Allowing the protein to equilibrate overnight provided more consistent for dimer formation.   
 
NCAD12 P16A Xd (%) Kd (µM) 
40 µM 39 ± 2 77 ± 8 
Table 4: Percent Dimer and Kd for 40 µM 
The reported values show average and standard deviation for the percent dimer and the value of 
Kd (Eq 4).  
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In order to create a kinetic profile for formation of dimer, an SEC experiment was 
repeated with different incubation times of after addition of calcium to assess the kinetics 
of dimer assembly.  Non systematic behavior was observed as shown in Figure 10.   
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Figure 10: Time Point Injections of Ca2+ of NCAD12 P16A 
The incubation time in calcium was varied in order to investigate the kinetics of assembly for 
the dimer. However, there is not a consistent pattern amongst the incubation times.  
 
 The concentration of dimer (in monomer units) is plotted against the incubation 
time in Figure 11 abd indicates an increase in the level of dimer over time, and at long 
times (30 minutes), is the level of dimer was equivalent to the level from the previous 
experiment in which protein was diluted and equilibrated overnight.  These kinetic data 
were analyzed using the second oder rate equation (Eq 3) to resolve a value for the 
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observed rate constant, kobs, and the apparent dimer dissociation constant.  Resolved 
parameters and calculated Tau values are shown in Table 5. 
 
 
Figure 11: Concentration of dimer as a function of incubation time 
        Plots of the fit of Eq 3 to the data for the kinetics of dimer formation.  Top plot shows the 
fit to the data with the values of kobs and Kd allowed to vary.  The bottom plot the Kd was fixed 
to the value determined in the previous experiment. 
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kobs (1/min M) Tau (min) @ 25 uM Kd (µM) 
60000 ± 90000 0.7 65 ± 50  
74000 ± 80000 0.6 77 <0> 
Table 5:  Rate Constant Calculations for NCAD12 P16A 
  
The error on the resolved values for kobs is larger than the best fit value.  We 
reasoned that this is due to the 0 time point which had an anomalously large [D].  When 
this point is excluded in the fit, the same best fit kobs and Kd values are recovered, and the 
standard deviation associated with kobs decreases by a factor more than 3.  Comparing 
these kinetic results for NCAD12 P16A indicates that dimerization by P16A is 10 fold 
slower than WT and the R14A and R14S mutants if NCAD12, and 30 fold faster the 
R14E mutant13.
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4. DISCUSSION: 
 
In 2010 the discussion in the field of cell-cell adhesion by cadherins changed 
from an equilibrium focus to a kinetic focus.  The initial report of the X-dimer interface 
and its role in rapid kinetics of exchange between monomer and dimer forms has 
seemingly settled the issue of face-to-face association of monomers at the adhesive 
interface15.  However, as this paradigm for rapid kinetics was investigated further, it 
became clear that the molecular interactions leading to the formation of the strand-
swapped structure was not as simple as one would have hoped; the paradigm has been 
short lived.  The issue is that all initial studies of the X-interface involved a charge-
change mutant which has profound deleterious effects on rapid strand-exchange in the 
dimer15, 20, 21.  While the R14E mutant of NCAD1214 and the K14E mutant of ECAD1215 
have very slow kinetics of dimer assembly and disassembly, the question is whether the 
observed effect was due to the loss of the basic residue in 14th position, or the gain of the 
acidic residue.  Results of experiments from our laboratory show that the presence of R14 
in NCAD12 has no effect on dimerization kinetics thereby disrupting the “paradigm” 
established for E-cadherin13.  So, the search is still active for the sequence or structural 
elements that distinguish the calcium-dependent kinetics of monomer: dimer exchange 
for NCAD12. 
The purpose of these studies was to understand how the dimerization kinetics are 
impacted by a mutation of NCAD12 at the 16th position.  This position was targeted as a 
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potential culprit in the kinetic differences between E- and N-cadherin since this is a non-
conserved residue near position 14.  Proline is a conformationally restricted amino acid, 
and P16 is involved in a cis-X-Pro peptide bond which is also rare in proteins22.  The 
focus on P16 is really a reasoned stab in the dark for a sequence element that affects 
dimerization kinetics.  We expected that mutation of P16 to alanine would result in loss 
of the kinetically-trapped dimeric species in N-cadherin yielding a mutant N-cadherin 
that more closely mimics E-cadherin kinetics. 
Studies reported herein are the first to investigate this sequence/structural 
element.  Through thermal denaturation studies, the overall stability of domains of 
NCAD12 P16A was observed.  This is useful because the protein must first be stable in 
order for calcium binding and dimerization to occur.  Secondly, calcium titration 
experiments were done to observe the calcium binding affinity of the mutated protein and 
the impact of the mutation on binding affinity.  Lastly, analytical SEC studies were done 
to test the impact of the mutation on dimerization kinetics.  All of the experiments 
evaluate the effect of the P16A mutation on dimerization.  The data show that the 
mutation did not affect the formation of the kinetically-trapped species, but was 
detrimental to the fast exchange between monomer and dimer species in the presence of 
calcium, decreasing the lifetime of the process by a factor of 10 in comparison to wild 
type NCAD12. 
The thermal denaturation studies show an overall stability in the mutated protein 
construct of one comparable to ECAD.  The unfolding of EC2 (first transition in Figure 
5) is a distinct, relatively cooperative unfolding transition.  The unfolding transition for 
EC1 is shifted to higher temperature, but the transition is decidedly noncooperative 
 28 
indicating that EC1 unfolds step-wise.  The P16A mutation is in EC1, but yet had an 
effect on the stability of EC2 as seen for other mutations in EC1 for NCAD1211, 12.  The 
Tm for NCAD12 P16A of ~39.1°C.  It lies between that of ECAD2 (33.7°C)23 and 
NCAD12 (45.1°C)24.  The overall stability of the NCAD12 P16A is more comparable to 
that of ECAD12.  The ΔG for NCAD12 P16A is 2.3 ± 0.3 kcal/mole and the ΔG for 
ECAD12 is 1.9 ± 0.3 kcal/mole.  The ΔG for NCAD12 is 2 fold higher at 4.1 ± 0.3 
kcal/mole24.  It appears from the thermal denaturation studies that the mutation affects the 
overall stability to resemble that of ECAD12 wildtype.   
The calcium binding affinity is different than hypothesized.  The binding affinity 
of calcium for NCAD12 P16A appears to demonstrate positive cooperativity.  The plot of 
the titration had a steep slope passing through the midpoint.  This trend indicates positive 
cooperativity of calcium binding; the calcium binding sites in the cleft between EC1 and 
EC2 interact to promote saturation of the sites over a narrow range of calcium 
concentration.  The cooperative constant was estimated using an assumption that the 
affinity for the binding sites is equal.  The average calcium binding affinity (Ka) for 
NCAD12 P16A is 22.4 x 103 M-1, which is two-fold that for wild type NCAD12 (9 x 103 
M-1)25.  In summary, NCAD12 P16A has two-fold higher affinity for calcium than does 
wild type NCAD12. 
From the analytical SEC study NCAD12 P16A has perturbed kinetics and 
equilibrium of dimerization.  For the kinetics aspect the mutation does not affect D*apo 
contrary to our original hypothesis.  D*apo is still made and is in slow exchange with the 
monomer.  The rate of formation of dimer was measured and fitted to a second order rate 
equation.  Resolved values for the rate of dimer formation (kobs) were imprecise, but the 
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quality of the data did not permit resolution of precise kinetic parameters.  However, 
when the Kd parameter from the analysis of the kinetic data are allowed to vary in the fits, 
the value of 66 µM is resolved, which is comparable to the value of 77 µM value that was 
calculated based on the peak heights of monomer and dimer in samples that were allowed 
to equilibrate overnight.  In addition the precision in the resolved values improved 
significantly when the 0 time point is omitted, as mention in the Results section. 
For the equilibrium aspect the mutation affects the Kd for dimerization.  As 
mentioned about the Kd for dimerization resolved in the SEC experiments of NCAD12 
P16A is 77 µM, a value 3-fold the value for NCAD12 wild type.  This indicates that the 
mutant protein has a lower affinity dimerization than does wild type4, 17.  However, the Kd 
for that of ECAD12 was found to be approximately 100 µM4.  It appears that the P16A 
mutation is affecting the overall dimerization kinetics to more closely resemble that of 
wild type ECAD12. 
Through the use of thermal denaturation, calcium titration, and analytical SEC it 
appears that P16 in wild type NCAD12 contributes to rapid kinetics of assembly and high 
dimer affinity.  These studies showed that the mutation may cause positive cooperativity 
for calcium binding and that the dimer assembly kinetics are delayed in comparison to 
wildtype.  However, further studies need to be done with different mutants such as that of 
P16S and P16E.  The serine (S) and glutamate (E) are less conserved changes than the 
alanine in that the 16th position.  They are both hydrophilic amino acids capable of 
hydrogen bonding.  Glutamate is also an acidic residue, and is of interest because at the 
16th position in ECAD there is a glutamate.  Therefore, these studies will give a broader 
picture of the effect that the proline in the 16th position has on the dimerization of NCAD. 
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